Ground penetrating radar is becoming an established component of the stone conservation researcher's arsenal. There is great potential in this quick and non-destructive technique that provides confirmation of deterioration features, such as voids, whose presence has been suggested using other tools. The past application of this technology has focused upon block scale stone deterioration, with
less attention given to the study of features that extend across multiple blocks within the walls. The aim of this paper was to primarily to demonstrate the suitability of GPR for identifying void spaces when run across a rough surfaced wall façade. Additionally, this work aims to aid in the application of GPR for this purpose, by providing a comparison of three commonly used antennas to inform equipment choice during survey design.
For this study, three high frequency antennas, 1.2GHz, 1.6GHz and 2.3 GHz, were run along the same perpendicular test lines across multiple blocks within a historical building façade. The resultant reflection profiles demonstrated that GPR can identify the presence of features within the blocks when run across a rough wall section. However, without the use of additional information from secondary data sources it is not possible to confirm the identity of features. The comparison of the three antennas, showed that the 1.6GHz antenna was the least suited for this task, due to the presence of extensive ringing in the resultant reflection profiles. Alternatively, the 1.2GHz antenna is most suitable for investigations deep within the wall and the 2.3GHz better suits highly detailed analysis of features present within the near surface material. The choice of the most appropriate antenna depends upon the nature of the task it will be deployed for.
Introduction
Weathering processes will result in the alteration of stone, both as part of a natural outcrop or emplaced within the façade of a building [1] . Previous attempts to monitor the extent of these changes across historic structures has led to the inclusion of multiple tools into the researcher's 'toolbox' [2] .
However, due to the cultural significance often associated with these structures, it is preferable that non-destructive techniques are used [3] . Ground penetrating radar (GPR) is one such tool, that is now used widely by geomorphologists, civil engineers and conservationists [4, 5] . The use of high frequency (typically above 1GHz) GPR allows the visualisation of shallow (tens of centimetres) subsurface structures, such as voids or areas of weakened material in buildings and structures [6] .
One of the main applications for GPR in weathering studies is the confirmation of features that other techniques suggest are present [7] . Identification of these subsurface features can be difficult, particularly when using non-destructive techniques, as indication of their presence does not always match the reality [7] . GPR therefore serves an important verification purpose, locating features such as voids or areas of weakness, through the observation of features upon the resultant reflection profiles or 'radargrams'. Whilst GPR literature commonly uses the term 'reflection profile' [4] , stone weathering studies refer to the such 2D slices into the ground or (in this case) wall as 'radargram(s)'.
The application of GPR for this purpose within historical masonry walls tends to be limited to singular 'important' stones within the walls [8] . However, the treatment of walls as a series of individual blocks rather than as a combined whole, ignores the existence of observed deterioration features extending beyond the extent of the block scale.
Research Aims
The first aim of this paper is to demonstrate the potential of GPR in identifying voids and features when running across multiple blocks emplaced within a wall. The second aim of the paper relates to the methodology of applying GPR. Using GPR as part of weathering studies requires the selection of appropriate equipment, especially when referring to the frequency of the antenna. This choice will influence the depth of penetration and the size of features that can be identified by the equipment.
However, the cost of GPR equipment means that most studies are restricted to selecting one or two frequencies for their work. The authors have found themselves in a unique situation where they can provide an essential comparison of three commonly used antenna frequencies. Using such a comparison, this work aims to identify strengths and weaknesses of each antenna frequency when working with weathered historic stone.
GPR and Heritage Studies
The earliest applications of GPR for cultural heritage was the identification of points of interest, such as buried structures or graves to direct archaeological digs [9] . Once the technique was established externally it was a short step to investigating internal surfaces, identifying areas of weakness or features beneath the flooring of historical buildings [10] . However, the name 'ground penetrating radar' can create false perceptions of the limitation of the technology as GPR is not restricted to application on the horizonal plane of the Earth's surface. It can be used to investigate the presence of variation within vertical wall sections, or even ceiling sections [11] .
Frequently, GPR is used in this fashion as a non-destructive technique to complement the use of the documentary research [12] . One common example of this is locating metal support bracing within columns [12] . Application to columns has also been used to understand the complex nature of their irregular construction [13] .
Application of the technique to walls was developed from both a built heritage and an engineering perspective, however, such studies declare the need for smooth surfaces to run the equipment over [14, 15] . As a result, there are multiple studies showing the application of GPR to detect deterioration within concrete retaining walls [16] , behind plaster covered surfaces [17] or within regularly finished masonry surfaces [18] . Attempts to apply the technique for the investigation of block walls with irregular surfaces remain absent from the literature.
The investigation of individual stones within block walls using GPR has become a well-established technique since the early 1990s, due to the convenience and speed of application [8, 19] . These studies advocate the potential of the technique for the detection of altered material within the weathering layers or the presence of voids and cracks within blocks. According to Lindsay et al. [2] , cracks cannot be detected when using a 1.6GHz antenna unless they correlate to a void space. However, they suggest that through the application of a 2.3GHz antenna visualisation of cracks may be possible. This example illustrates the importance of appropriate equipment selection based upon the scale of the feature that needs to be observed.
Recent 3D and 2D GPR surveys have shown the potential of the technology to identify weaknesses when applied beyond the block extent [18] . Implementation of the findings of such studies can now drive forward the application of 2D and 3D GPR to more complex walls. GPR is also considered to be part of non-destructive, monitoring toolsets, tracking the presence of potentially damaging moisture and salts within wall sections [20] .
Despite the range of applications presented here there remains no comparative analysis of high frequency antennas. It should be noted that some comparison studies do exist between medium to high (800MHz) and high frequency antennas (1600MHz) [18] . Given the influence that this can have upon the findings and the importance that these studies may have upon future conservation campaigns, it is essential that a comparative study is undertaken [6] . [21] . In the 1980s the north façade and tower of the church underwent a conservation campaign of chemical cleaning and repointing [22] . The results of this campaign were considered disastrous, due to the accelerated biological growth, and cleaning was abandoned before it was implemented across the remain façades. Repointing was undertaken across the remaining façades, though it should be noted that damage to the neighbouring stones due to the aggressive removal of the original mortar was noted [22] .
Study Site
The chosen wall is approximately 36-40cm thick, with the surface 16cm constructed from blocks of Scrabo Sandstone, a local Triassic quartzose sandstone. The remaining thickness of the wall is constructed of unsorted rubble. Scrabo's depositional environment was fluvial with periods of aeolian activity, resulting in well-defined bedding planes and laminations [23] . It also resulted in the presence of mud rip up clasts in blocks that were noted within the stone blocks. Several decay features are visually present on the surface of the wall, including granular disintegration, delamination and flaking.
Past inspection of the distribution of weathering features suggested interconnectivity between blocks or the presence of voids, making it an ideal candidate for an exploratory GPR survey [24] .
The wall section has two sections of decorative sandstone string course running across the surface, one at 0.6m from ground level and the other at 1.2m. The rest of the blocks have been given an architecturally roughened finish prior to emplacement. The combination of this roughness and the presence of weathering features results in a surface that would prove difficult to smoothly move the GPR equipment across. 
Methodology

GPR
GPR uses high frequency electromagnetic energy pulses in the frequency of radio waves to detect changes in the surveyed medium [6] . Dielectric permittivity controls the velocity at which such waves move through any medium (such as stone): when changes occur, the wave maybe refracted or reflected, indicating a change in the nature of the subsurface. The reflection of radar waves occurs where objects or layers are encountered that possess different electrical properties to the surrounding or overlying medium [25] . A typical GPR system requires a transmitting and receiving antenna to generate the wave (or signal), and record it's reflection. Using the two-way travel time (TWT), the time between the generation of the radar wave and its reception back at the surface after reflecting off the subsurface discontinuity, and the propagation velocity it is possible to calculate the depth of an identified feature [6] .
Choice of the antenna frequency is an important component when designing a survey strategy, influencing the resolution of the output and the depth of penetration [26] . Waves of a lower frequency will penetrate deeper into the material, as they are not as easily attenuated as high frequency waves [6] . However, these lower frequency antennas are unable to resolve smaller features within the medium. The result of these differences is the requirement that a balance is struck between the need for depth penetration and the demand for finer resolution observations.
Data Collection
Prior to data collection, a CEIA Systems compact metal detector was utilised to inspect the study wall, checking for imbedded metal work. The detector was run using both high and low frequencies confirming the absence of metal within the wall, at shallow and deep penetrations.
The three antennas used in this study were 1.2GHz, 1.6GHz and 2.3GHz manufactured by Malå Geoscience (Sweden). They were each run along two perpendicular test lines of approximately 80cm in length. The data was logged along the vertical line from top to bottom, whilst horizontal data was logged from the left to right of the wall section. Given the rough surface of the wall, the manufacturer supplied plastic sheet, sized 80cmx80cm, was attached to the wall. The GPR antennas were mounted on a wheel cart that controlled the data logging and with the smoother surface created by the plastic sheeting, created a more continuous output. We ran repeat experimental lines along relatively smooth areas, without the plastic sheet, and then with the plastic sheet. This was to examine whether the 0.5cm -1cm air gaps that were introduced by the sheet would have any effect on data quality. As differences were negligible, the plastic sheet was deployed.
Processing
The data was processed post collection within Malå Groundvison (v.1.26.1, registered download of free software) with the application of DC adjustment to all reflection profiles [27] . DC Adjustment removes DC drift and shifts the signal back to the zero line [28] . Background removal was undertaken using Groundvision's FIR (Finite Impulse Response) filter, a quick band-pass filter. Hyperbola matching for velocity interpretation was carried out using Sandmeier's ReflexW Programme (Licence 401, Queen's University Belfast).
Results and Interpretation
The resulting reflection profiles from the horizontal test lines can be found in Figure 3 while the vertical test lines can be found in Figure 4 .
Horizontal Test Line
The horizontal test line runs across three stones identified here as H1, H2 and H3 (Figure 3) . The 1.2GHz antenna identifies two layers, a stone layer, relating to the thickness of the block, and the rubble layer, where the pulse has penetrated through to the rubble fill. The interface between these layers is at 16cm. This depth is at the limitation of the pulse penetration for the 2.3 GHz antenna and thus the interface is not apparent within the resulting radargram.
Figure 3
Annotated reflection profiles produced from running the three different frequencies of antennas,
1.2GHz (B), 1.6GHz (C) and 2.3GHz (D), along the horizontal testline (A).
The ringing observed in the 1.6GHz radargram is not visible on the other two reflection profiles.
Ringing occurs when signals from the GPR reverberate in regular fashion as they repeatedly bounce within the antenna [29] . The application of a background removal filter partially removed this feature however it did not eliminate it. The 1.6GHz radargram also shows the presence of a zone of antenna mismatch, also known as a coupling error.
Within the stone layer, using the 1.6GHz and the 2.3GHz antenna, there is a hyperbolic reflection identified at approximately 12cm depth within stone H2. Hyperbola fitting to calculate velocity in ReflexW showed this feature to be consistent with an air void, as opposed to other objects like mud clasts. A similar feature is also identified within H2 using the 2.3GHz antenna at 8cm. The 2.3GHz antenna reflection profile also shows a group of near surface anomalies at approximately 2cm depth.
Vertical Test Line
Figure 4
1.2GHz (B), 1.6GHz (C) and 2.3GHz (D), along the vertical test line (A). Artefacts detected on the 1.6GHz
radargram are marked with an 'a'.
The vertical test line runs across six stones identified here as V1 to V6, as shown in Figure 4 . As with the horizontal lines, two identifiable layers are present in the 1.2GHz reflection profiles, the stone and rubble layers. The interface can be found at 16cm depth, as observed with the horizontal test lines.
The radargram produced using the 2.3GHz antenna identified a series of anomalies in the near surface (0-3cm depth). The reflection profiles all identify the presence of the stringcourse (block V6) as they pass over the top of it, with the topographic change creating an anomaly in the output. Another area where the three reflection profiles agree is the identification of a feature within Block V3.
The radargram produced using the 1.6GHz antenna shows the strong ringing, as observed during the horizontal test lines. This would suggest that the presence of ringing is a result of the application of this version of antenna to stone wall investigations. The 1.6GHz radargram also identified two anomalies, however their absence from the other reflection profiles suggests that these anomalies are just artefacts from the data collection. Previous studies (such as Laing et al. [8] ) have shown GPR to be a useful tool for void detection when applied to single blocks of interest. Now the value of its application across multiple blocks within a building façade has been demonstrated. One of the main limitations of the technique's past application was the roughness of surfaces and the subsequent disruptions to the smooth acquisition of data. Using the plastic sheet to create the required smooth surface, it was possible to acquire data continuously, overcoming this difficulty.
Discussion
GPR for void detection
Observations made using GPR have led to the identification of two stones of interest within this wall section. Firstly, stone H2 is identified as the location of a possible void. Visual inspection of the block surface identified the presence of surface weathering features, such as delamination, granular disintegration and hollows ( Figure 5B ). The return signal from the rear of this block also suggests the presence of another feature. One possible reason could be the presence of a stone type or a cavity with a different velocity than Scrabo Sandstone.
The other block of interest is V3. As all the vertical reflection profiles from the three frequencies identified the presence of a feature, it is likely present within the block. It is not possible to say with certainty what the feature is, however, it is possible to make an educated guess based upon visual observations at the site ( Figure 5A ). One possibility relates to the presence of the hollow on the wall surface, where a clay rip-up clast has been detached from the block. If other such rip-up clast exists within the stone, then it could be the feature identified by the radargram. This has validity as long as there is difference in dielectric permittivity between the sandstone and any clay clasts contained within; which are likely to be significant and thus cause a strong reflection. Alternatively, the feature is situated near to the edge of the block, where a small pinning stone that is visually deteriorating is located. The final possibility is the presence of a void either within the block or mortar, the presence of which may have been exasperated by the deteriorating pinning stone or a rip-up clast.
Finally, the near surface anomalies identified when using the 2.3GHz antenna, may be the result of small voids within the stone. Alternatively, their origin may be the result of the development of fine cracks and weaknesses associated with the initiation of contour scaling. Their depth matches with the development of such features, observed during a simulation study by Smith and McGreevy [30] .
Interpretation of reflection profiles requires an experienced operator to identify the presence of features [6] . As a tool it is best suited to complement other techniques or to confirm suspected features. Where multiple techniques confirm the presence of a feature then the investigator trust the findings with some degree of certainty.
Comparing the Frequencies
The presence of ringing limits the value of the output radargram produced using the 1.6GHz antenna.
The presence of this artefact for the runs along both the horizontal and the vertical test lines implies that the source of the issue remains consistent, either the manufacture of the equipment or the choice of frequency. The equipment has since be deployed as a part of other projects where it has performed flawlessly, suggesting that the issue may be a result of the choice of frequency.
The other antennas' performance as part of this work was as expected. The 1.2GHz antenna achieved a deep penetration (32cm) into the wall identifying the interface between the stone layer and the rubble fill, yet it had limited effect identifying the presence of detailed features. All frequencies were attenuated by the stone and (inferred) rubble layer, limiting deeper penetration into the wall. The 2.3GHz did not penetrate to the depth of the interface between the layers but it can identify small void features that the 1.2GHz was not able to distinguish.
Based upon the findings of this study, the authors found the 1.2GHz proved itself to be the most suitable for identifying the general status of the stones within the wall. This would make it a beneficial tool to support conditional surveys of historical facades. Alternatively, the 2.3GHz is better suited for confirming the presence of small scale features within the wall such as voids. It is therefore a better choice for targeted work, confirming the presence of features previously identified using other techniques. The choice of antenna is highly dependent upon the purpose of the study.
Conclusions
 GPR has proven to be quick and non-destructive method to provide confirmation of the presence of deterioration features or voids within historical building facades.
 In the case of Fitzroy Presbyterian Church, it has successfully identified a series of possible void features within the walls.
 Where uncertainty exists relating to the identity of the features then future work is needed to consider linking the presence of anomalies with additional datasets such as LiDar, X-ray [31] , thermal imaging [7] and ultrasonic [32, 33] .
 The 1.2GHz antenna was proven as a tool for investigations deep within the wall, whilst the 2.3GHz demonstrated a capacity for providing highly detailed analysis of the features present within the near surface material.
 The presence of strong ringing in the output reflection profiles generated by the 1.6GHz antenna in this setting, suggests that this frequency is not suitable for undertaking GPR investigations of wall sections.
 Choosing the appropriate antenna frequency depends upon the nature of the task for which it is being deployed.
